Pistol ribozymes comprise a class of small, self-cleaving RNAs discovered via comparative genomic analysis. Prior work in the field has probed the kinetics of the cleavage reaction, as well as the influence of various metal ion cofactors that accelerate the process. In the current study we perform unbiased and unconstrained molecular dynamics simulations from two current high-resolution pistol crystal structures, and we analyzed trajectory data within the context of the currently accepted ribozyme mechanistic framework. Root-mean-squared deviations (RMSDs), radial distribution functions (RDFs), and distributions of nucleophilic angle-of-attack reveal insights into the potential roles of three magnesium ions with respect to catalysis and overall conformational stability of the molecule. A series of simulation trajectories containing in-silico mutations reveal the relatively flexible and partially interchangeable roles of two particular magnesium ions within solvated hydrogen-bonding distances from the catalytic center.
I. INTRODUCTION
Currently fourteen well-defined naturally-occurring ribozyme classes are known to exist [1] [2] [3] [4] [5] [6] [7] [8] . Nine among these are self-cleaving and have been linked to several distinct biological functions [2, 5, 6] . These small structured RNA molecules employ various mechanistic strategies to achieve scission of the phosphodiester linkage between two adjacent nucleotides [9, 10] . The reaction is characterized by a nucleophilic attack of a 2 -oxygen atom on the adjacent phosphorus atom [7, 8, [10] [11] [12] [13] . This process liberates the 5 segment and results in the formation of a 2 ,3 -cyclic phosphate. This cleavage reaction undergoes a trigonal-bipyramidal transition state, which can benefit from stabilization of the strained geometry and neutralization of the developing charges to obtain better reaction rates [10, 14, 15] . Ribozymes are believed to promote catalysis by utilizing multiple catalytic strategies drawn from the following list: in-line attack, stabilization of the negative charge on the non-bridging phosphate oxygen atoms, proton abstraction from the 2 -hydroxyl and stabilization of the leaving group [9, 10] . These four principal catalytic strategies used to promote RNA scission by phosphoester transfer are depicted in Figure 1 .
In-line attack (α strategy) requires an axis running through the 2 -oxygen nucleophile, adjacent phosphorus atom and the 5 -oxygen leaving group. This establishes a crucial line along which the participating atoms must be appropriately aligned for an S N 2-like process to occur [16, 17] . Enhancement of nucleophilic attack can be achieved by neutralizing the negative charge on nonbridging phosphate oxygen atoms (β strategy). Abstraction of the proton from the 2 -hydroxyl (γ strategy) further increases the nucleophilicity of the attacking oxygen, thereby enhancing catalysis. Similarly, neutralizing FIG. 1 . The mechanisms of the cleavage reaction between nucleotides N-1 and N+1. An in-line conformation, depicted by the α axis (the dotted line), facilitates the SN2 attack of the 2 -oxygen atom of the N-1 nucleotide on the phosphate center, liberating the N+1 nucleotide. The other strategies that can be utilized to accelerate this reaction are denoted as follows: γ (proton abstraction), β (neutralization of non-bridging phosphate oxygen atoms), and δ (stabilization of the developing negative charge on the 5 -oxygen atom).
the developing charge on the 5 -oxygen leaving group (δ strategy) also promotes catalysis [9, 13, 18] . These mechanistic delineations of the cleavage reaction are crucial for understanding the activity of the molecule. Biochemical assays and atomic-resolution structural models support this simple framework for understanding the mechanism of catalysis [8, 9, [19] [20] [21] .
Pistol ribozymes accelerate RNA catalysis via this internal phosphoester transfer mechanism with reaction rate constants as high as 10 min −1 under physiological conditions [19, 21] . The consensus sequence for pistol ribozymes was determined based on the alignment of 500 unique representatives found in DNA sequence databases comprised of complete bacterial genomes, microbial metagenomic DNA, and bacteriophage DNA [8] . Figure 2 depicts the three particular stems that comprise the secondary structure model of pistol ribozymes, referred to as P1, P2, and P3. Additionally, there is a pseudoknot predicted to form between the loop of P1 and the junction connecting P2 to P3.
FIG. 2.
The consensus sequence and secondary structure model for pistol ribozymes. Red nucleotides are highly conserved, and the cleavage site is indicated by the arrowhead and occurs between guanosine and uridine nucleotides in our model RNAs. Several nucleotides (highlighted in green) interact to form a pseudoknot.
Crystal structures (PDB IDs 5K7C and 5KTJ) [20, 21] validate the aforementioned secondary structure [8, 19] . The presence of divalent cations may promote general acid-base catalysis and serve to coordinate with other critical residues in the pistol catalytic architecture [16] . However, the field lacks a comprehensive understanding of the influence of solvated divalent cations on catalysis. Recent work on twister ribozymes, and other self-cleaving RNAs, has shed light on the necessity of magnesium ions for maintaining structural integrity, as well as directly participating in catalysis [16, 22, 23] . In the current study on pistol ribozymes, we characterize the solvated divalent cations, which influence catalysis and distinguish them from the ions that influence conformational stability of the molecule.
Superficially, the presence of two magnesium ions in the vicinity of the S N 2-like reaction center of pistol ribozymes (5K7C and 5KTJ) is reminiscent of the twometal ion catalytic architecture prevalent among various enzymes [24] . However, catalysis driven by a single metal ion [25] , as well as multiple metal ions [26] , have also previously been characterized. These provide examples of metal-ion catalysis that are distinct from the previously observed two-metal mechanism. Hence, we closely follow the magnesium ions during the course of our simulations to understand their preferential participation in achieving near-catalytic states. Our principle focus in this study involved monitoring the magnesium ions that maintained close proximity to the catalytic site and/or moved from a starkly different position to a new coordination shell that can most likely influence catalysis.
FIG. 3. 5K7C crystal structure with the the dG and U residues that form the cleavage site emphasized, including a view of the phosphate reaction center. The cleavage site residues are depicted as sticks, and the RNA is represented with gray space-filling spheres and cartoon backbone. The three magnesium ions present in the structure are shown as green spheres and labeled with distances to the phosphate center indicated inÅ. MG102 and MG103 are close enough to the phosphate center to potentially play a role in the SN2 reaction [21] . The inset depicts the phosphate center with non-bridging oxygen atoms OP1 (pro-S) and OP2 (pro-R), and bridging oxygen atoms O5 and O3 .
II. METHODS
In this study, several molecular dynamics simulations were performed using the 5K7C crystal structure of the pistol ribozyme (env25 construct) as a starting model. The 5K7C structure model is based on the X-ray diffraction data yielding at 2.7Å resolution and is comprised of an enzymatic chain of 47 residues and a substrate chain of 11 residues. The construct contains a deoxyribonucleotide at the cleavage site, ensuring that the observed crystal structure is not occluded by a hybrid of preand post-catalytic states. Additionally, three magnesium ions are present within this starting structure. Simulations were also performed with the analogous 5KTJ crystal structure for validation purposes. The 5KTJ structure contains several cobalt hexammine (III) complexes, which are expected to behave similar to other divalent metal ions in their solvated state due to the presence of coordinated amines [27] . We substituted each of the cobalt hexammine complexes with Mg 2+ ions at the Co 2+ site and associated water molecules to mimic the simulation conditions of the 5K7C model. In a previously reported study, a Mg 2+ cation in close proximity to the reaction center was attributed solely to electrostatic stabilization rather than coordination with the non-bridging phosphate oxygen atoms [21] .
For the purpose of simulations, the two chains of 5K7C were concatenated using a simple phosphodiester linker. Hydrogens were added to the original crystal structure using the reduce function of the PHENIX software [28] . We changed the hydrogen present at the 2 position in the original structure to a hydroxyl group and ensured that the rotamer geometry was optimized using Coot software [29] . Upon addition of hydrogen atoms, we attained a refined model suitable for molecular dynamic simulations. This model for 5K7C was referred to as the "wildtype" (WT) model and will be referred to as such for the remainder of this article. This initial structure was immersed in a cubic box containing extended simple point charge model (SPC/E) water molecules and neutralized by addition of an appropriate number of sodium ions [30] . The ribozyme was centered in the box and placed at least 10Å away from each edge. We also performed simulations using several other systemic parameters including SPC-E water model, TIP3P water model and CHARMM36 force field ( Supplementary Figure 3) , to exclude any possibility of building artifacts due to the choice of force field. However, we never observed any significant differences in the data leading to our postulates. A total of 0.921 µs of simulation were performed on various WT and insilico "mutants" in order to characterize the structural contribution of the three magnesium ions. In contrast to the aforementioned WT model, these mutants lack one or more magnesium ions or contain a substitution of sodium ions. The simulations in which certain magnesium ions were removed will be referred to as "dropouts" and will be denoted with a ∆ for the remainder of this report (Table 1) . ions were present in each structure to probe their effect on overall conformational stability and their potential to influence catalytic geometry. Each structure was energy minimized, and subsequently relaxed in NVT, followed by NPT, conditions. At least five productionlength trajectories of 10ns were concatenated to yield a minimum total of roughly 50ns of trajectory data for each mutant. All simulations were carried out with the CHARMM27 all-atom force field in Gromacs.
In addition to 5K7C mutants, we also performed analogous dropout simulations using the 5KTJ structure, which was crystallized along with several cobalt hexammine coordination complexes. These complexes were replaced with hydrated magnesium ions at the position of Co 2+ for the purposes of simulation.
All simulations were performed with the mdrun subroutine of Gromacs with the CHARMM27 all-atom force field [31, 32] . Each system was initially energy minimized. Energy minimization was performed using the steepest descent minimization integrator, a Verlet cuttoff-scheme [33] , the Particle Mesh Ewald (PME) method for electrostatic interactions [34] , and periodic boundary conditions. After minimization, the system was relaxed under NVT conditions and NPT conditions at 300 K with isotropic Parrinello-Rahman pressure coupling [35] . This relaxation process used the leap-frog integrator, a dt of 2 fs, PME, and Verlet cutoff. Production MD runs were performed using the aforementioned settings, however for longer periods of time.
We also performed test runs with AMBER14 force field, CHARMM36 force field, and the TIP3P water model (data not shown). We did not find any significant differences in our mechanistic model, especially pertaining to the WT and magnesium dropout trajectories.
Trajectory analysis was performed using the standard sci-py stack [36] and the mdanalysis Python library [37, 38] . Data analysis was performed in an iPython jupyter notebook environment using the numpy and pandas packages [39] [40] [41] [42] . Molecular visualizations were generated using the nglview package and PyMol software [43] [44] [45] [46] . Plots and figures were generated with the matplotlib and seaborn package [47, 48] .
RMSDs for each frame of the trajectory were calculated and binned to create RMSD distributons for various in-silico mutants according to the following equation [49] 
where ρ(t) is the time-dependent RMSD, N is the number of atoms, x i (t) is the vector of atomic coordinates for the ith residue at time t, and x ref i is the vector of atomic coordinates of the ith residue of the minimized and relaxed structure. Time-dependent RMSD fluctuations over the course of simulation can be considered a metric of overall stability and conformational rigidity.
Additionally, pair-distribution functions, known as radial distribution functions (RDFs) were calculated for each magnesium ion with respect to the catalytic phophate center. The RDF effectively counts the average number of b particles (a specific magnesium ion) in a shell at distance r around an a particle (the phosphate center) and represents it as a density (assuming particle a was chosen as the origin of the coordinate system). The RDF g ab (r) can be represented as
where N a and N b denote the number of particles of type a and type b, i and j are indexing variables used in the summation, r i and r j are vectors to the ith and jth particles respectively [50] . This above equation simplifies when only one of each particle type is present:
Upon inspection, it becomes clear that Equation 3 provides the time averaged frequency of finding particles a and b at a distance r from each other. Since our analysis, for the most part, involved analyzing groups of particles in which there was only one member molecule/atom, the RDF plots obtained were analogous to Euclidean distance distributions. Furthermore, over the course of the trajectories, the magnesium ions of interest near the catalytic site maintained a complexed state with the macromolecule. In our case, the magnesium ions remained at a significant distance from the phosphate center and both the bridging and non-bridging oxygen atoms, allowing us to rule out the possibility of a direct coordination and instead favor a solvated interaction.
III. RESULTS & DISCUSSION
The structures of the env25 pistol ribozyme was analyzed in their equilibrium states in several different contexts (WT and ∆s of magnesium ions, see Methods section) in neutralizing aqueous environments. The reference PDB 5K7C used for the study was modified to contain the usual RNA nucleotide at the cleavage site instead of its DNA counterpart. The primary hypothesis of the study is that the presence of the native ribonucleotide allows the RNA molecule to achieve conformations that are closer to its usual catalytic states. The overall RMSD fluctuations were within the range of ± 1Å for all the trajectories. Larger fluctuations were observed in trajectories containing monovalent sodium substitutions of the corresponding divalent ions.
Production MD runs on the 5K7C variants, including the magnesium dropouts (∆s), displayed interesting dy-namic properties. The dropout of each of the magnesium atoms from the simulations yielded very small differences in the RMSD distributions. The width of the distributions remained relatively constant, but the mean values changed in some cases, as depicted in Figure 4 .
The RMSD fluctuations in the dropout simulations were also larger than the WT simulations but smaller than their sodium-substitution counterparts. It is interesting to note that the sodium replacement of MG101 alongside the removal of MG102 and MG103 had the most effect on the overall RMSDs. The radius of gyration of the entire molecule remained stable throughout the course of the WT and magnesium-dropout simulations, hinting towards a consistent compactness of the RNA molecule ( Figure 5 ).
During the trajectories of every simulation variant, the MG101 atom populated a distal site at least 11Å away from the phosphorous center, as seen in every radial distribution function plot in Figure 6 . The magnesium- dropout, as well as sodium-substitution, at position 101 did not affect the overall structure of the molecule. However, a substitution with sodium in that same position without any other magnesium ions in the system led to a higher mean RMSD of the molecule by roughly 1 A. When the simulations with the 5K7C structure were compared to the simulations with the 5KTJ structure, the results hold a similar pattern of change. The overall increase in the RMSD of the molecule, coupled with the distant nature of MG101 from the catalytic site, strongly suggest that this ion position primarily plays a structural role.
It was also seen that ∆MG102 and ∆MG103 exhibited similar characteristics to the MG102toNA and MG103toNA simulations, respectively. The RMSD values for both of these conditions were within 1Å of the mean RMSD of the wild-type simulation.
In 5K7C trajectories MG102, which existed in two pop- ulations (at 7Å and at 4.5Å) in the wild-type scenario, funneled completely into a single population (at 4.5Å) in the case of the MG103 dropout simulation. An analogous funneling effect occurs in the 5KTJ trajectories. This result indicates a substantial contribution from MG102 towards stabilizing the catalytic site in the absence of MG103. The magnesium ions close to the catalytic center preferentially populate a proximal site capable of coordinating solvated hydrogen bonds rather than a distal site as depicted in the crystal structures [20, 21] . Systematic characterization of each of the 14 solvated cations from the 5KTJ structure, provided a comprehensive picture of their localization and their plausible roles in catalysis. MG101, MG104, MG105, MG106, MG107, MG108, MG109, MG110, MG111, MG112, MG113, and MG114 were all localized far from the catalytic core of the ribozyme during the entire course of the simulations. MG102 and MG103 which were crucial in the case of 5K7C also localized within solvated hydrogen bonding distance from the catalytic core in the case of the 5KTJ simulations ( Supplementary Figure 1) .
We wanted to take a closer look at these two magnesium ions (MG102 and MG103) and also wanted to characterize their interactions with the oxygen atoms, which are likely to be involved in catalysis. The top two plots of Figure 7 depict the distance from the magnesium ions to each of the oxygen atom at the cleavage site that are involved in attaining the catalytic geometry of the molecule. The distance from every oxygen atom to MG102 remains predominantly constant in the MG103 dropout simulations, similar to the WT scenario.
When comparing the bottom two panels of Figure 7 , we see a stark shift in the occupancy of the 4Å site. In the FIG. 6. Radial distributions between the phosphate center and MG101, MG102, and MG103 for various 5K7C in-silico mutants.
∆MG102 trajectories, magnesium at the 103 site diffuses closer to the catalytic center, stabilizing the coordination of the O2P non-bridging oxygen (pro-R) at the cost of the 5 -oxygen attached to the phosphorous center. This indicates a preferential stabilization of the non-bridging oxygen atoms by two separate magnesium ions in WT environment; O2P with MG102 and O1P with MG103. However, in case of the MG102 dropout, MG103 takes on the additional role of coordinating with O2P, thereby providing a fail-safe mode for catalysis (Schematic in Supplementary Figure 2) .
When we probed the distributions of the approach angle of the transition state between the 2 -oxygen and the phosphorus center at the cleavage site, we noticed a range of conformations being sampled by the molecule, peaking around 135 degrees. It is conceivable that the closer the molecule samples an angle of 180 degrees, the closer it is to a transition state and hence favourably undergoes the cleavage reaction. We can see from Figure 8 that even though MG101 does not play any direct role in coordinating with the active site, its deletion pushes the equilibrium to a secondary unfavourable population. It is also intriguing that even in the absence of mag-nesium ions near the catalytic site (as in the ∆MG102 and ∆MG103 environments), MG101 still maintains its position, and hence could be inferred to play only a structural role in the folding of this molecule ( Figure 6 ). It is far too distant to be directly involved at the active site of the RNA. Nevertheless, maintaining the proper fold of the RNA is also important for the overall ability to attain the catalytic conformations (Figure 7) .
IV. SIGNIFICANCE
Our in-silico results are consistent with the hypothesis that solvated magnesium ions play a crucial role in catalysis by pistol ribozymes. This conclusion is in close accordance with the previous mutational studies. These ribozymes, in part, employ β-catalysis for cleavage activity, which diminishes drastically in the absence of divalent magnesium ions [51] . Previous work on atom-specific mutagenesis of Pistol ribozyme indicated an impactful role of a specific Adenosine (32nd in env25 ) along with the necessity of a hydrated Magnesium ion. There was a strong suggestion from the same article that a water molecule linked to the Magnesium ion probably acts as a proton donor and the stabilization of the non-bridging oxygen is crucial for accelerating the process [51] . While this manuscript was under preparation a detailed molecular dynamics study was reported by Kostenbader and co-workers, which provided critical insights into the similarities between pistol and hammerhead ribozymes. This enables the community to look beyond the specific intricacies of individual systems and address the broader evolutionary picture consisting of all ribozymes. Koestenbader et. al. dives deep into examining the nucleobase organization at the active site and its influence in catalysis [52] . The focus of this recent publication is quite complementary to our work as we focused on understanding the distribution of divalent cations and their effects on pre-catalytic states. In the article the authors also comment on how the binding of these Magnesium ions are subtly different in the two ribozyme systems they have compared. It is curious that the rescue effect of Magnesium movements highlighted in the article (for hammerhead ribozyme) [53] , where the Magnesium moves from a non-bridging position to a bridging position, is observed to be completely recapitulated in our pistol ribozyme simulations. Our results are in close accordance with the hypothesis of Pro-R oxygen stabilization while also proving the importance of the cation interaction site. Additionally, these simulations stipulate that the 102 divalent position is crucial for catalysis, such that removal of the magnesium ion from that site induces another magnesium ion to assume its position. These findings provide computational plausibility for a solvated magnesium-dependent mechanism of selfcleavage employed by pistol ribozymes. It consolidates the existing understanding of the influence of divalent cations on the various catalytic strategies, while sug-gesting the existence of a fail-safe secondary metal ion. These types of arrangements in catalytic RNA hint towards more sophisticated functions of divalent cations, along with their malleability in non-uniform structural and dynamic catalytic roles. A thorough study with the characterization of transition-state analogue along with a time-dependant cation analysis will further solidify our claim. Our work resonates with the current paradigm of catalytic mechanism in pistol ribozymes while describing the novel facet of the ionic contribution. This type of catalytic architecture could very well be true for many other cation dependent reactions.Even though we comparatively examine roles of magnesium ions associated with the structures of pistol ribozymes, further work is necessary to experimentally validate the concept of failsafe ions and quantify their individual effects on mechanisms of self-cleaving ribozymes.
FIG. 3. RMSD and RDF distributions across different systemic parameters
The top panel highlights the shows the normalized profiles of RMSD distributions in different water models and force fields. In the subsequent panels, RDF distributions of magnesium ions from the catalytic phosphate center are shown.
